Abstract. Quasi-periodic variations in solar activity and galactic cosmic rays (GCRs) on decadal and bidecadal timescales have been suggested as a climate forcing mechanism for many regions on Earth. One of these regions is southern Brazil, where the lowest values during the last century were observed for the total geomagnetic field intensity at the Earth's surface. These low values are due to the passage of the center of the South Atlantic Magnetic Anomaly (SAMA), which crosses the Brazilian territory from east to west following a latitude of ∼ 26 • . In areas with low geomagnetic intensity, such as the SAMA, the incidence of GCRs is increased. Consequently, possible climatic effects related to the GCRs tend to be maximized in this region. In this work, we investigate the relationship between the ∼ 11-year and ∼ 22-year cycles that are related to solar activity and GCRs and the annual average temperature recorded between 1936 and 2014 at two weather stations, both located near a latitude of 26 • S but at different longitudes. The first of these stations (Torres -TOR) is located in the coastal region, and the other (Iraí -IRA) is located in the interior, around 450 km from the Atlantic Ocean. Sunspot data and the solar modulation potential for cosmic rays were used as proxies for the solar activity and the GCRs, respectively. Our investigation of the influence of decadal and bidecadal cycles in temperature data was carried out using the wavelet transform coherence (WTC) spectrum. The results indicate that periodicities of 11 years may have continuously modulated the climate at TOR via a nonlinear mechanism, while at IRA, the effects of this 11-year modulation period were intermittent. Four temperature maxima, separated by around 20 years, were detected in the same years at both weather stations. These temperature maxima are almost coincident with the maxima of the odd solar cycles. Furthermore, these maxima occur after transitions from even to odd solar cycles, that is, after some years of intense GCR flux. The obtained results offer indirect mathematical evidence that solar activity and GCR variations contributed to climatic changes in southern Brazil during the last century. A comparison of the results obtained for the two weather stations indicates that the SAMA also contributes indirectly to these temperature variations. The contribution of other mechanisms also related to solar activity cannot be excluded.
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Introduction
The effects of solar variability on terrestrial climate are discussed in several works (e.g., Wilcox, 1975; Hoyt and Schatten, 1997; Shaviv, 2005; Kirkby, 2007; Solanki et al., 2013) . Some of these works suggest that climatic modulation occurs indirectly, through the action of galactic cosmic rays (GCRs) (e.g., Svensmark and Friis-Christensen, 1997) . GCRs are predominantly positively electrically charged particles; although these contribute very little to the energy input, they are very important in the ionization processes in the Earth's atmosphere (Carslaw et al., 2002) . The entrance of GCRs to the atmosphere is modulated by the magnetic fields of the Sun and the Earth. This solar modulation is due to the time variation in the intensity of the Sun's magnetic field and its polarity reversals (Kudela, 2009) , and solar magnetic variations can explain the periodic components of ∼ 11 and ∼ 22 years in GCRs. Geomagnetic modulation occurs in both space and time. The spatial modulation is due to the directional configuration of the geomagnetic field lines, which are vertical close to the magnetic poles and nearly horizontal around the equator, meaning that the GCR flux is at a maximum in the polar regions and at a minimum in equatorial regions. The temporal modulation is due to slow geomagnetic changes, which are usually significant at secular or larger scales. When geomagnetic excursions or polarity reversals occur, the geomagnetic intensity decreases dramatically, causing the GCR flux to increase (Wagner et al., 2000) . Dickinson (1975) indicated that ionization caused by GCR flux variations could influence the mechanisms of cloud formation. Since then, researchers have made much effort to find evidence that could confirm or refute this possible relationship between GCRs and climate. Svensmark and FriisChristensen (1997) found a positive correlation between GCRs and global cloud cover over an 11-year solar cycle. Svensmark (2007) then complemented the analysis and concluded that the relationship between GCRs and clouds is only valid for low-altitude clouds. The physical mechanism proposed to explain this correlation assumes that an increase in the air ionization in the atmosphere resulting from the increase of GCR flux helps to form aerosols, which may grow and transform into the cloud condensation nuclei needed for water droplet condensation and thus the creation of lowaltitude clouds.
Discussions related to possible climatic modulation related to GCRs led to the development of the Cosmics Leaving Outdoor Droplets (CLOUD) experiment. Results obtained from CLOUD have contributed to improvements in the understanding of cloud microphysical phenomena involving nucleation, growth and aerosols. However, the effects of GCRs on clouds remain insufficiently understood (Pierce, 2017) . On the other hand, most of the scientific works on this topic are based on an analysis of climatic and paleoclimatic data that aims to evaluate the GCRs-climate relationship, taking into account different scenarios of climate, solar activity and geomagnetic fields at different temporal and spatial scales (e.g., Wagner et al., 2001; Miyahara et al., 2008; Erlykin and Wolfendale, 2011; Svensmark, 2012; Myhre et al., 2014) . For example, Kitaba et al. (2017) found a very interesting connection between GCRs and climate at a geological timescale. Through analyzing pollen data from Osaka Bay, Japan, they found that the thermal gradient between land and ocean changed as a consequence of the insolation decrease during geomagnetic polarity reversals. This result is in agreement with the argument made by Svensmark (2007) . However, there are few works reporting the possible indirect influence of the geomagnetic field on climatic variations during the last century (e.g., Vieira and da Silva, 2006; Courtillot et al., 2007; Frigo et al., 2013; Campuzano et al., 2016) . Frigo et al. (2013) investigated the spectral coherence between the 11-and 22-year solar activity cycles and the yearly average temperatures recorded during the last century at four weather stations located in southern Brazil's coastal region. This region showed smaller values of geomagnetic intensity in the 20th century, due to the presence of the South Atlantic Magnetic Anomaly (SAMA). The results of wavelet coherence analysis indicated that a periodicity of around 22 years was persistent in climatic data recorded between 1933 and 2008. Moreover, the results indicated a linear relationship between temperature variations and the ∼ 22-year cycle. This result was obtained from data from the two weather stations located nearest to the course of the SAMA. For two stations further away, the 22-year cycle was also persistent during the investigated period, but the statistical results indicated a nonlinear relationship between the bidecadal periodicity and temperature variations. In summary, the results of Frigo et al. (2013) indicated that a climatic modulation of ∼ 22 years, characteristic of GCRs, was persistent during the last century and was possibly at a maximum in the region closest to the center of the SAMA.
The aim of this work is to advance the analyses of Frigo et al. (2013) by investigating the connections between temperature variability, solar activity and GCR variations during the last century, including making use of climatological data recorded in other weather stations in southern Brazil. A time series of the solar modulation potential is used as a proxy for GCR variability.
Data and analysis method
The total intensity of the geomagnetic field in southern South America has been strongly affected by the SAMA over the last century. The center of the SAMA, defined as the point at which the lowest geomagnetic intensity value is observed, moved in a southwesterly direction between 1900 and 1945, close to the Brazilian coast ( Fig. 1 ). After 1945, the center of the SAMA crossed southern Brazil, following a straight line in a westerly direction at a latitude of approximately 26 • S (Hartmann and Pacca, 2009 ). According to the International Geomagnetic Reference Field (IGRF), the value of the geomagnetic intensity at the center of the SAMA has decreased from about 25 500 nT to about 22 500 nT since 1900. This decrease can amplify certain effects related to the penetration of electrically particles in the Earth's atmosphere.
In the region near to the trajectory of the center of the SAMA, several weather stations have been established. These stations are maintained by the Brazilian National Institute of Meteorology (INMET). Data from São Paulo (SPO), Curitiba (CUR), Florianópolis (FLO) and Porto Alegre (POA) were used in the previous investigation by Frigo et al. (2013) . The positions of these stations are indi- cated in Fig. 1 . However, in this study we expand our analysis, using a new, longer temperature time series recorded at the Torres (TOR) and Iraí (IRA) weather stations. TOR is located on the coast, around 260 km south of FLO. IRA is located within the continental area of southern Brazil, around 450 km from the coast. Between 1980 and 1995, the center of the SAMA passed very near to the IRA station.
In order to investigate the possible effects of solar activity on climate in the SAMA region, we use the time series of the yearly mean total sunspot number (SN). SN varies in phase with the solar irradiance and the solar magnetic field intensity, exhibiting a clear cycle of around 11 years. This periodic variation is called the sunspot cycle. Each solar cycle generally receives a number, beginning with the cycle that began in 1755. The SN data, obtained from the website of the Solar Influences Data Analysis Center (http://sidc.oma.be/, last access: 10 January 2018) for the period between 1936 and 2014, are presented in Fig. 2a . Every 11 years, the magnetic polarity of the Sun reverses. Thus, it takes 22 years for the same state of polarity to repeat itself. To investigate possible effects associated with the polarity of the Sun's magnetic field, we multiplied the SN numbers by −1 for the odd solar cycles. This procedure has already been used in previous work (e.g., Souza Echer et al., 2008) . The resulting time series, denoted by SN22, is called the double sunspot cycle and is presented in Fig. 2b .
Ground measurements of neutrons, produced by primary cosmic rays when they reach the atmosphere, are the main proxy for GCR variations. However, long-term neutron time series are not available for the beginning of the 20th century. One of the longest neutron time series was recorded at the Climax Observatory (United States); the data for this were obtained from the Russian Institute of Terrestrial Magnetism, Ionosphere and Radio Wave Propagation website (http://cr0.izmiran.ru/clmx/main.htm, last access: 28 December 2017) and are shown in Fig. 3a . It is well known that GCRs vary in antiphase with the intensity of the Sun's magnetic field over an 11-year solar cycle; due to this, several authors have used sunspot number counts as a proxy for GCR variations. However, more reliable proxies of GCR variability are currently available (e.g., Usoskin et al., 2011; McCracken and Beer, 2015) . In this work, we use the proxy proposed by Usoskin et al. (2011) , which consists of the reconstruction of the solar modulation potential (MP) for cosmic rays. The MP reconstruction covers the period between 1936 and 2009 and is constructed using data from ground-based ionization chambers (from 1936 to 1951), International Geophysical Year (IGY) neutron monitors (from 1951 to 1964) and a ground-based network of neutron monitors (from 1964 to 2009). The MP reconstruction time series is indicated for studies of cosmic-ray-induced atmospheric ionization, which plays a key role in the GCRs-cloud climate mechanisms. The annual values of MP, extended until 2014, were obtained from the website of the University of Oulu (http://cosmicrays.oulu.fi/phi/Phi_mon.txt, last access: 7 December 2017) and are presented in Fig. 3b . The similarity between the MP, yearly neutron counts at the Climax Observatory (Fig. 3a) and SN time series (Fig. 2a) is clear; this is because the most striking feature of the solar magnetic field in the last century is the approximately 11-year periodicity, which is the main modulation component of GCRs. If the MP varies in phase with solar magnetic field intensity, it varies in antiphase with GCRs.
According to Usoskin et al. (2011) the GCRs, and consequently the MP, show a dominant 11-year cycle and a secondary component of around 22 years. This secondary component is due to the alternation of the Sun's magnetic field polarity and because GCRs are predominantly positively electrically charged particles. During polarity transitions from even to odd solar cycles, the GCR flux remains at a maximum for a period which is longer than that observed during transitions from odd to even cycles (Usoskin et al., 2001) . Using a time series iterative regression analysis (ARIST), as described in Rigozo et al. (2005) , we can separate and reconstruct the contributions of the individual ∼ 11-and ∼ 22-year components of the MP series. The ARIST method consists of adjusting the observational data using a sinusoidal function, aiming at each iteration to decrease the difference between the adjusted function and the observed data. As a result, ARIST provides the amplitude, the angular frequency and the phase associated with each periodicity detected in the analyzed time series.
For the ∼ 11-year component of MP, referred to here as MP11, values were obtained of 224.171 for the amplitude, 0.09187 for the frequency and 1.87119 for the phase. For the ∼ 22-year component of MP, referred to here as MP22, values were obtained of 66.222 for the amplitude, 0.04460 for the frequency and 6.08605 for the phase. The time series of the ∼ 11-and ∼ 22-year components of MP, computed using the second term of the right-hand side of Eq. (14) in Rigozo (2005) , are shown in Fig. 3c and d , respectively. A comparison between MP11 and SN indicates that the two time series are very similar, with maxima and minima almost coincident throughout the investigated period. The maximum time difference observed between the occurrence of maxima or minima in MP11 and SN was 2 years. A comparison between MP22 and SN22 shows that the series are very similar but vary in anti-correlation with each other. The maximum time lag between the occurrence of maxima or minima in MP22 and SN22 is also 2 years. The results of these comparisons indicate that the series of SN and SN22 can be used as proxies for the 11-and 22-year components of GCR variation in studies investigating the effects of GCRs on climate.
The climatological data used in this work consist of the mean annual temperature values calculated for TOR and IRA weather stations (Fig. 4a and b) . The annual averages were computed from the recorded monthly averages for the period 1936-2014. The interannual variability and the increasing trend are evident in the TOR and IRA temperature data.
The variations in TOR and IRA temperature data are very similar; however, due to the proximity of the Atlantic Ocean, the long-term trend and temperature variation amplitudes for TOR are smaller than those observed for IRA. It is also clear that the occurrence of some maximum temperature events occurred almost simultaneously at the two weather stations. Examples of this are the maxima observed in 1939-1940, 1961, 1977 and 2001-2002 . It is interesting to note that these maxima occur next to the SN22 minima, with a few years' time lag. In addition, the average difference between subsequent maxima is around 20 years.
In order to investigate the mathematical relationship between solar activity, GCR and temperature data, wavelet transform coherence (WTC) analysis is used. The WTC is calculated using the individual continuous wavelet transforms and the cross-wavelet transform of the two time series involved. The computational program used was developed by Grinsted et al. (2004) and allows us to estimate values for the coherence coefficient and the phase angles between two series as a function of frequency and time. Coherence values range from 0 to 1, where the highest values are associated with high coherency. Phase angles are represented by arrows, and those that are pointing to the right indicate a linear in-phase relationship. In these cases, the maxima or minima observed in one time series are coincident with the maxima or minima observed in the other. Arrows pointing to the left indicate a linear antiphase relationship. In these cases, a maximum (minimum) observed in one series is coincident with a minimum (maximum) observed in the other series. Arrows pointing in any other direction indicate a nonlinear relationship. In these cases, maxima and minima are observed in the two analyzed time series, but there is a time lag between them. This time lag must be due to the contribution of other variables or phenomena not considered in this analysis. The WTC results also show a cone of influence, which limits a region of statistical confidence for the computed coherence values. In the spectral region outside the cone, edge effects cannot be neglected (Grinsted et al., 2004) . This is a limitation of the WTC method and is most important in the analysis of coherence values related to long periodicities.
Results and discussion
The WTC between SN and temperature obtained at TOR is shown in Fig. 5a . The results indicate that the spectral coherence between SN and the temperature at TOR for periodicities of around 11 years was persistent and was higher than 0.65 for the whole period investigated. Phase angles predominantly point downwards. This configuration indicates a nonlinear relationship between the 11-year quasi-cycles and the data from TOR. For IRA, the coherence between SN and temperature was intermittent, as presented in Fig. 5b , and was only higher than 0. 65 until 1970 and in the 1995-2014 interval. In these intervals, the phase angles usually point down, suggesting a nonlinear relationship. Coherence val- ues obtained for before ∼ 1950 and after ∼ 2000, shown in Fig. 5a and b, are outside of the cone of influence, and the results should be considered carefully. The same care should be taken in all analyses of the WTC spectra results.
The quasi-11-year cycle in the SN data (see Fig. 2a ) is directly correlated to the variations in both solar irradiance and the Sun's magnetic field intensity. Therefore, it is not possible to establish whether the periodicities of ∼ 11 years detected in the temperature time series are due to solar irradiance or to the GCRs. Frigo et al. (2013) found high values for spectral coherence between SN and temperature data for the weather stations of SPO, CUR and FLO. However, these high coherence values were intermittent at these stations during the investigated period. On the other hand, for the POA station, the values of coherence were continuously greater than 0.6. Since the POA station is located about 165 km south of TOR (that is, this weather station is closer to POA than IRA), we would expect the results from TOR to be more similar to POA and the reverse to be true for IRA. Figure 6a shows the WTC between SN22 and the TOR temperature data. The WTC showed high values of coherence near 22-year periodicity between 1975 and 2014. For this time interval, the phase angle analysis arrows predominantly point left. This configuration indicates a linear antiphase relationship between the time series. In Fig. 5b , it can be seen that the WTC between SN22 and the temperature at IRA was continuous and showed high coherence values for periodicities around 22 years. For these periodicities, the phase angles point mainly to the left, indicating a linear antiphase relationship between SN22 and temperature during the 1936-2014 time interval. These results are in agreement with the results of Frigo et al. (2013) , which indicate a linear relationship between SN22 and temperature for the weather stations closest to the trajectory of the center of the SAMA.
The time series of SN22 is an index related to the Sun's magnetic polarity, which influences the GCR variability. Therefore, high values of spectral coherence between SN22 and temperature for periodicities of around 22 years must be associated with GCR variations. Frigo et al. (2013) found high and continuous values of coherence for the four weather stations investigated. However, the mathematical evidence for a linear relationship between SN22 and temperature was only obtained for the SPO, CUR and FLO stations. These three stations are the closest to the path followed by the center of the SAMA over southern Brazil in the last century. A similar situation is observed when the results for TOR and IRA are compared. A linear relationship between SN22 and temperature is observed for the IRA weather station, closest to the path of the SAMA. This result reinforces the indirect influence of the geomagnetic field (through the SAMA) and the solar activity (possibly through GCRs) on climate in southern Brazil.
The wavelet coherence spectra between MP and the temperature data from TOR and IRA are shown in Fig. 7a and b. As suggested in the comparison between Figs. 2a and 3b , and considering periodicities of around 11 years, the results of the coherence between MP and temperature are very similar to the results for the coherence between SN and temperature. For periodicities of around 22 years, no significant values of coherence are observed in the TOR data. Low coherence values of around 0.4 were obtained for the IRA data for the entire period investigated. These results, unlike those observed for the WTC between SN22 and temperature data, do not indicate a continuous relationship between GCRs and climate for bidecadal periodicities. This difference can be explained by the fact that the ∼ 22-year cycle is not a dominant periodicity in the GCR spectrum, meaning that the coherence values for this periodicity in the WTC spectrum are small.
In addition, since the maxima temperature peaks are evident and the solar magnetic cycle modulation of the GCR variations is known, it may be that the influence of the bidecadal cycle only manifested as a ∼ 22 year peak in temperature data rather than a continuous modulation following a periodic function during the last century. As the ∼ 11-year periodicity modulation related to the solar irradiation or GCRs is present in the temperature data, we suggest that following transitions from even to odd solar cycles, some physical mechanism connecting solar activity, GCRs and climate is strengthened, causing the observed bidecadal maxima in yearly averaged temperature data for southern Brazil. Moreover, the differences in the results obtained for TOR and IRA may be because TOR is located in the coastal region, while IRA is located in the continental region. Krahenbuhl (2015) showed that the correlation between solar activity and GCR variation with climatic variation is dependent on the geographical position. The differences in correlations are significant when the marine and continental positions are compared.
Another possible mechanism that can explain the relationship between the solar activity and the temperature variations in southern Brazil involves the high-energy particle pre-562 E. Frigo et al.: Effects of solar activity and galactic cosmic ray cycles cipitation (EPP). Occurrences of EPP in the SAMA region coming from the Van Allen radiation belts are discussed in many works (e.g., Martin et al., 1972; Trivedi et al., 2005) . Based on low-altitude satellite measurements, Grigoryan et al. (2008) find that the point of maximum flux of electrons, protons, neutrons and gamma radiation shows positions and drifts similar to that observed for the center of the SAMA in recent decades. Experimental results suggest that the precipitation of relativistic electrons from the radiation belt can influence the reactive nitrogen budget in the higher portions of the atmosphere, but the physical mechanism linking this influence with the climate of the lower atmosphere has not yet been properly established (Mironova et al., 2015) .
In addition to the mechanisms already mentioned, two other possible mechanisms involving variations in the solar irradiance have been suggested to explain the relationships between solar activity and climate. These are described in detail in Solanki et al. (2013) . According to the first of these mechanisms, radiation at the visible wavelength absorbed by the Earth's surface initiates a mechanism that develops from the bottom to the top, which influences the atmosphere and the oceans through changes in the intertropical convergence zone and tropical circulations. The second mechanism, which develops from the top to the bottom, is related to variations in the intensity of UV radiation in the stratosphere. This mechanism is based on the fact that the variations in solar activity during an 11-year cycle are more intense at shorter wavelengths, which include UV radiation. The variations in UV radiation modify the concentrations of ozone and lead to changes in the atmospheric circulation dynamics. Solanki et al. (2013) also suggest that these two mechanisms can work together.
Conclusion
This work aimed to investigate climatic modulation by solar activity and GCRs in long-term temperature series recorded at two weather stations located in southern Brazil. The results indicated that periodicities of ∼ 11 and ∼ 22 years may have modulated the climatic variability in southern Brazil between 1936 and 2014. Four temperature maxima were observed in IRA and TOR weather station records. The results of WTC analysis indicate a linear relationship between SN22 and temperature for the IRA station; this result is indirect mathematical evidence in favor of the maximization of the GCR effects on climate at IRA, due to its proximity to the trajectory of the center of the SAMA. The linear antiphase relationship between SN22 and the temperature observed at IRA indicates that the minima of SN22 are related to the maxima in temperature. The minima of SN22 correspond to the maxima of odd solar cycles, which in turn correspond to minima in the GCR flux variations. Thus, the results obtained for IRA corroborate the mechanism of Svensmark (2007) , which suggests that temperature maxima (minima) are related to GCR minima (maxima).
Although the maxima of SN22 are associated with the maxima of even solar cycles, and should be associated with temperature maxima peaks, the temperature data do not show significant temperature maxima corresponding to the SN22 maxima. The more striking temperature maxima observed occur after transitions from even to odd solar cycles. During these transitions, the maximum in the GCR flux remains over a longer time than that observed in transitions from odd to even solar cycles. This may be a feature of the modulation of temperature by solar activity and GCRs in southern Brazil, considering the values of the geomagnetic field and solar activity observed during the 1936-2014 period. Other mechanisms also associated with solar activity, such as EEP, solar irradiance and UV radiation, cannot be discarded as factors contributing to the modulation of the southern Brazil temperature variations. Since all of these mechanisms are related to solar activity, it is possible that they act together. From the results obtained in this work, it is not possible to quantify the relative contribution of each of these mechanisms to the investigated temperature data.
The results obtained in this work constitute indirect mathematical evidence that solar activity and GCR cycles may contribute to the modulation of the climate in the South Atlantic Magnetic Anomaly region. Future work is expected to include the investigation of data from the last century in terms of other climatic variables, such as rainfall and cloudiness, using data from other weather stations in southern Brazil and satellite data from the upper levels of the Earth's atmosphere (mesosphere-lower thermosphere). Competing interests. The authors declare that they have no conflict of interest.
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